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Devwudfw
Wkh sdshu h{solflwo| ghulyhv wkh frqglwlrqdo glvwulexwlrq ri h{fkdqjh udwhv dqg lqwhuhvw
udwh glhuhqwldov lq wkh wdujhw }rqh prgho ri Nuxjpdq +4<<4,1 Wkh h{dfw frqglwlrqdo ghq0
vlw| ixqfwlrq lv vxevhtxhqwo| xwlol}hg lq pd{lpxp olnholkrrg hvwlpdwlrq lq zklfk qduurzhu
xqghfoduhg edqgv zlwklq r!fldoo| dqqrxqfhg wdujhw }rqh olplwv duh doorzhg iru1 Hvwlpd0
wlrq uhvxowv iru wkh irxu HUP0fxuuhqflhv xqghu frqvlghudwlrq uhyhdo wkdw wkh suhvhqfh ri
wdujhw }rqh qrqolqhdulwlhv fdq qrw eh uhmhfwhg1 Wkh uhvxowv iru wkh Gxwfk jxloghu dqg
wkh Lwdoldq olud wkxv duh lq fohdu frqwudglfwlrq wr wkh qglqjv uhsruwhg lq Edoo dqg Urpd
+4<<7, dqg gh Mrqj +4<<7, zkr/ krzhyhu/ uholhg rq dssur{lpdwlrqv ri wkh ghqvlw| ixqfwlrq1
Pruhryhu/ wkh h{lvwhqfh ri dv|pphwulfdoo| vsdfhg lpsolflw edqgv fdq qrw eh uhmhfwhg iru
wkh Ehojldq dqg Iuhqfk iudqfv dqg wkh Lwdoldq olud1
Nh|zrugv= Eurzqldq prwlrq/ h{fkdqjh udwhv/ lqwhuhvw udwh glhuhqwldov/ suredelolw| ghq0
vlwlhv/ uh hfwlqj eduulhuv/ wdujhw }rqhv1
MHO fodvvlfdwlrq= I64/ I661
WFdwkrolf Xqlyhuvlw| ri Ohxyhq/ F1H1V1/ Qddpvhvwuddw 9</ 6333 Ohxyhq/ Ehojlxp1 Who1= .65+3,492659;6</
id{= .65+3,492659:<9/ h0pdlo= glun1yhhvwudhwhqChfrq1nxohxyhq1df1eh1 L dp lqghewhg wr Kdqv Ghzdfkwhu dqg
Slhw Vhufx iru srlqwlqj rxw d wkhruhwlfdo  dz lq d suhylrxv yhuvlrq ri wkh sdshu1 L dovr zrxog olnh wr wkdqn Shwhu
gh Jrhlm/ Sdxo Gh Judxzh/ Fkulvwldq Pdhv/ Iudqn Uhglj dqg Pduqr Yhuehhn iru foduli|lqj dqg vwlpxodwlqj
glvfxvvlrqv1 Wkh xvxdo glvfodlphu dssolhv1
4
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Wklv sdshu h{dplqhv wkh frqglwlrqdo glvwulexwlrq ri h{fkdqjh udwhv dqg lqwhuhvw udwh glhuhq0
wldov zlwklq d fuhgleoh wdujhw }rqh duudqjhphqw1 Wkh dqdo|vlv lv hpehgghg lq wkh fdqrqlfdo
wdujhw }rqh prgho ri Nuxjpdq +4<<4,1 Wkh prgho ri Nuxjpdq/ qrwzlwkvwdqglqj lwv vlpsoh
vwuxfwxuh/ kdv wkh ghvludeoh surshuw| wkdw h{fkdqjh udwh mxpsv dw wkh prphqw ri lqwhuyhq0
wlrq lq wkh ixqgdphqwdo duh suhfoxghg1 Li pdunhwv eholhyh wkdw wkh wdujhw }rqh lv fuhgleoh/
lqwhuyhqwlrq dw wkh edqg olplwv vkrxog qrw fdxvh glvfrqwlqxlwlhv lq wkh h{fkdqjh udwh dv vxfk
glvfrqwlqxlwlhv zrxog jlyh ulvh wr duelwudjh rssruwxqlwlhv1 Udwlrqdo djhqwv wkhq zrxog wu| wr
h{sorlw wkhvh iuhh oxqfkhv e| xqghuwdnlqj dssursuldwh dfwlrqv zklfk wkhq zrxog suhyhqw wkhvh
glvfrqwlqxlwlhv iurp dulvlqj lq wkh uvw sodfh14 Wklv ghvludeoh surshuw| uhqghuv wkh Nuxjpdq
prgho wr eh wkh dssursuldwh vwduwlqj srlqw iru rxu dqdo|vlv1
Wkh jrdov ri wklv sdshu duh wzrirog1 Iluvw/ frqglwlrqdo glvwulexwlrqv zlwklq wkh Nuxjpdq
prgho duh vwxglhg dqg looxvwudwhg1 Zh khuhwr xwlol}h wkh h{dfw frqglwlrqdo ghqvlw| ixqfwlrq
iru wzr0vlghg uhjxodwhg Eurzqldq prwlrq wkdw zdv ghulyhg lq Yhhvwudhwhq +5333,1 Dsso|lqj
wklv ghqvlw| iru wkh ixqgdphqwdo wkhq shuplwv ghulydwlrq ri wkh frqglwlrqdo ghqvlwlhv ri wdujhw
}rqh h{fkdqjh udwhv dqg lqwhuhvw udwh glhuhqwldov1 Nqrzohgjh ri wkh frqglwlrqdo glvwulexwlrq
doorzv d pruh gluhfw dqg frpsohwh ghvfulswlrq ri wkh suredelolvwlf fkdudfwhu ri wkh hyroxwlrq
ri h{fkdqjh udwhv dqg lqwhuhvw udwh glhuhqwldov1
Wkh vhfrqg pdlq jrdo ri wkh sdshu lv wr hpsor| wkh frqglwlrqdo h{fkdqjh udwh glvwulex0
wlrq lq dq hfrqrphwulf iudphzrun1 Wkh uvw qryho hohphqw uhodwhv wr wkh idfw wkdw h!flhqw
hvwlpdwlrq yld pd{lpxp olnholkrrg qrz fdq eh sxuvxhg yld wkh h{dfw h{suhvvlrq iru wkh frq0
glwlrqdo glvwulexwlrq1 Xqolnh suhylrxv uhvhdufk zh gr qrw kdyh wr uho| rq dssur{lpdwlrqv ri
wkh fruuhfw ghqvlw|1 Iru lqvwdqfh/ Ehndhuw dqg Jud| +4<<;, wrrn dffrxqw ri wkh uhvwulfwhg
grpdlq e| dvvxplqj d w|sh ri wuxqfdwhg qrupdo ghqvlw| iru zklfk/ krzhyhu/ qr fohdu wkhr0
uhwlfdo xqghuslqqlqj zdv suhvhqwhg1 Edoo dqg Urpd +4<<7, dqg gh Mrqj +4<<7, dssur{lpdwhg
wkh uhtxluhg ghqvlw| iru wzr0vlghg uh hfwhg Eurzqldq prwlrq e| d pl{wxuh ri ghqvlwlhv iru
rqh0vlghg uh hfwlrq1 Wkh vhfrqg qryho hohphqw lv wkh h{whqvlrq ri wkh hvwlpdwlrq iudphzrun
wrzdugv wkh srwhqwldo h{lvwhqfh ri qduurzhu xqghfoduhg }rqhv zlwklq wkh r!fldoo| dqqrxqfhg
}rqhv1 Pruh lq sduwlfxodu/ hvwlpdwlrq h{solflwo| doorzv iru wljkwhu  xfwxdwlrq udqjhv wkdw zloo
eh uhihuuhg wr dv lpsolflw }rqhv1 Wkhvh lpsolflw }rqhv pd| eh dv|pphwulf lq irup dqg wkxv
gr qrw qhfhvvdulo| kdyh wr eh vsdfhg htxlglvwdqwo| durxqg suhydlolqj fhqwudo sdulwlhv1 Zh ihho
wkdw wklv lv d zruwkzkloh prghoolqj fkrlfh dv wkhuh duh dpsoh lqglfdwlrqv iru wkh suhvhqfh ri
4Wklv uhtxluhphqw zdv uvw h{dplqhg lq wkh olwhudwxuh rq vshfxodwlyh dwwdfnv dv wkh vr0fdoohg qr0h{shfwhg0
duelwudjh0surwv frqglwlrq/ vhh Nuxjpdq +4<:<, dqg Iorrg dqg Jduehu +4<<4,1 Dq h{whqvlyh glvfxvvlrq dqg
judsklfdo dssudlvdo ri lwv uhohydqfh iru wdujhw }rqh prghoolqj fdq eh irxqg lq Nuxjpdq +4<<4, dqg Iorrg dqg
Jduehu +4<<4,1
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vxfk lpsolflw }rqhv1 Pruhryhu/ wklv prghoolqj fkrlfh kdv wkh dgydqwdjh ri ehlqj deoh wr dvvhvv
qrqolqhdulwlhv zlwk uhvshfw wr dfwxdo +lpsolflw,  xfwxdwlrq olplwv lqvwhdg ri wkh zlghu r!fldo
olplwv1 Lqghhg/ qrqolqhdulwlhv pd| eh ryhuorrnhg zkhq lqvshfwlrq lv shuiruphg zlwk uhvshfw
wr erxqgdulhv wkdw lq idfw pd| eh wrr zlgh1 Ixuwkhupruh/ wkh xvh ri dssur{lpdwlrqv iru wkh
ghqvlw|/ dv sxuvxhg lq wkh sdvw/ pd| kdyh dgglwlrqdoo| eoxuuhg wkh slfwxuh1 Xvlqj wkh h{dfw
ghqvlw| dqg doorzlqj iru lpsolflw }rqhv pd| surylgh vrph dqvzhu wr wkh txhvwlrq zk| wkh
wkhruhwlfdoo| suhglfwhg qrqolqhdulwlhv kdyh qrw ehhq revhuyhg lq hpslulfdo zrun1
Dqwlflsdwlqj wkh uhvxowv/ zh qg vwurqj hylghqfh ri qrqolqhdulwlhv iru wkh Ehojldq dqg
Iuhqfk iudqf1 Xqolnh Edoo dqg Urpd +4<<7, dqg gh Mrqj +4<<7,/ zh dovr ghwhfw qrqolqhdulwlhv
iru wkh Lwdoldq olud dqg wkh Gxwfk jxloghu1 Wkxv/ wkh xvh ri wkh h{dfw ghqvlw| dqg/ dw wkh vdph
wlph/ doorzlqj iru lpsolflw }rqhv xqfryhu qrqolqhdulwlhv ryhuorrnhg lq suhylrxv uhvhdufk1 Zh
dovr qg hylghqfh iru wkh suhvhqfh ri qduurzhu lpsolflw  xfwxdwlrq edqgv iru wkh wzr iudqf
fxuuhqflhv dqg wkh Lwdoldq olud1 Krzhyhu/ h{lvwhqfh ri dq lpsolflw }rqh iru wkh Gxwfk jxloghu lv
uhmhfwhg1 Wklv qglqj lv olnho| wr eh gxh wr wkh idfw wkdw Gxwfk prqhwdu| dxwkrulwlhv khdylo|
uholhg rq lqwudpdujlqdo lqwhuyhqwlrqv zklfk txhvwlrqv wkh dssursuldwhqhvv ri wkh Nuxjpdq
prgho dv wkh vwduwlqj srlqw ri rxu dqdo|vlv1
Wkh uhpdlqghu ri wkh sdshu lv rujdql}hg lq irxu vhfwlrqv1 Vhfwlrq 5 uhylhzv wkh wdujhw
}rqh prgho ri Nuxjpdq +4<<4,1 Lw uvw glvfxvvhv wkh uhodwlrqvkls ehwzhhq ixqgdphqwdov dqg
h{fkdqjh udwhv dqg wkhq h{whqgv wkh dujxphqw wr lqwhuhvw udwh glhuhqwldov dorqj wkh olqhv
vxjjhvwhg lq Vyhqvvrq +4<<4,1 Vhfwlrq 6 suhvhqwv wkh frqglwlrqdo ghqvlw| ixqfwlrq iru wzr0vlghg
uhjxodwhg Eurzqldq prwlrq iru wkh ixqgdphqwdo1 Zh surfhhg e| vshfli|lqj wkh frqglwlrqdo
ghqvlwlhv iru wkh h{fkdqjh udwh dqg wkh lqwhuhvw udwh glhuhqwldo1 Vxevhtxhqwo|/ wkh ghqvlwlhv
duh judsklfdoo| looxvwudwhg1 Vhfwlrq 7 suhvhqwv wkh hfrqrphwulf dssolfdwlrq iru irxu fxuuhqflhv
wkdw dgkhuhg wr wkh H{fkdqjh Udwh Phfkdqlvp +HUP,1 Hvwlpdwlrq irfxvhv rq wkh suhvhqfh
ri qrqolqhdulwlhv dqg lpsolflw +xqghfoduhg, wdujhw }rqhv1 Vhfwlrq 8 frqfoxghv dqg lqglfdwhv
gluhfwlrqv iru ixwxuh uhvhdufk1
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Wkh prgho ri Nuxjpdq +4<<4, surfhhghg lq wzr vwhsv1 Wkh uvw vwhs vshflhg wkh g|qdplfv
ri wkh ixqgdphqwdo dqg lq wkh vhfrqg vwhs ixqgdphqwdov zhuh olqnhg wr wkh h{fkdqjh udwh yld
wkh dvvhw sulflqj prgho1 Vyhqvvrq +4<<4, h{whqghg wkh dqdo|vlv wr wkh uhodwlrqvkls ehwzhhq
ixqgdphqwdov dqg lqwhuhvw udwh glhuhqwldov1 Lq zkdw iroorzv/ zh eulh | uhylhz wkh ixqfwlrqdo
uhodwlrqvklsv wkdw/ wr glhulqj ghjuhhv/ zhuh suhvhqwhg lq Nuxjpdq +4<<4,/ Vyhqvvrq +4<<4,
dqg Ghojdgr dqg Gxpdv +4<<5,1
6
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Nuxjpdq +4<<4, vshflhg wkh g|qdplfv ri wkh +orjdulwkp, ri wkh ixqgdphqwdo yduldeoh/ i /
dv Eurzqldq prwlrq zlwk guliw1 Vxshulpsrvhg rq wklv surfhvv duh wzr olplwv ehwzhhq zklfk
wkh ixqgdphqwdo lv wr hyroyh1 Wkh orzhu dqg xsshu edqg olplwv/ i dqg i / uh hfw wkh suhvhqfh
ri wkh wdujhw }rqh duudqjhphqw1 Prqhwdu| dxwkrulwlhv zloo ghfuhdvh +lqfuhdvh, wkh frqwuro
yduldeoh/ l1h1 wkh ixqgdphqwdo/ zkhqhyhu lw uhdfkhv lwv xsshu +orzhu, edqg olplw1 Wkh fodvv ri
vwrfkdvwlf surfhvvhv iru prghoolqj wkhvh ihdwxuhv ri wkh ixqgdphqwdo lv uhihuuhg wr dv wkh fodvv
ri uhjxodwhg ru uh hfwhg Eurzqldq prwlrq1 Pruh vshflfdoo|/ wkh surfhvv lv ghqhg dv=
gi @ gw. g} +w, . gO gX> +4,
zkhuh gO dqg gX duh lqqlwhvlpdo uhjxodwruv1 Zkhq wkh erxqgdulhv duh uhdfkhg lqqlwhvlpdo
uhjxodwlrq ru lqvwdqwdqhrxv frqwuro/ vhh Kduulvrq dqg Wdnvdu +4<;6,/ sxvkhv wkh ixqgdphqwdo
edfn lqwr lwv  xfwxdwlrq udqjh1 Wkh surfhvvhv O dqg X duh uljkw0frqwlqxrxv/ qrqqhjdwlyh dqg
qrqghfuhdvlqj1 Wkh| rqo| lqfuhdvh/ gO A 3 dqg gX A 3/ zkhq wkh ixqgdphqwdo klwv wkh orzhu
ru xsshu edqg olplw1 Lq hfrqrplf whupv/ O dqg X wkhq fdq eh lqwhusuhwhg dv wkh fxpxodwlyh
dgmxvwphqwv lq +prqhwdu|, srolf| xqghuwdnhq lq vxssruw ri wkh ixqgdphqwdo edqg15
Wkh uhodwlrqvkls ehwzhhq wkh h{fkdqjh udwh dqg lwv gulylqj ixqgdphqwdo lv vshflhg yld
wkh orj0olqhdu dvvhw sulflqj htxdwlrq1 Wklv vhw0xs olqnv wkh +orj ri wkh, h{fkdqjh udwh/ v/ wr
wkh gulylqj ixqgdphqwdo dqg lwv rzq h{shfwhg fkdqjh=
v @ i . 
H^gv`
gw
> +5,
zlwk  A 3 dqg H ghqrwlqj wkh h{shfwdwlrqv rshudwru16
Htv1 +4, dqg +5, duh frqqhfwhg e| uhfrjql}lqj wkdw wkh h{fkdqjh udwh fdq eh h{suhvvhg dv
dq h{solflw ixqfwlrq ri wkh ixqgdphqwdo ru v @ v +i,1 Dvvxplqj v +i, wr eh wzlfho| glhuhq0
wldeoh lq i hqdeohv dssolfdwlrq ri Lw÷*v ohppd1 Wkh h{shfwdwlrqv whup lq Ht1 +5, wkhq fdq eh
h{suhvvhg dv=
H^gv +i,`
gw
@ 
gv +i,
gi
.
4
5
2
g2v +i,
gi2
= +6,
Lqvhuwlqj Ht1 +6, lq Ht1 +5, jlyhv=
v +i, @ i . 
gv +i,
gi
.
4
5
2
g2v +i,
gi2
=
Wklv vhfrqg0rughu qrqkrprjhqhrxv ruglqdu| glhuhqwldo htxdwlrq kdv wkh iroorzlqj vroxwlrq=
v +i, @ i . .D h{s +i, .D2 h{s +2i, = +7,
5Iorrg dqg Jduehu +4<<4, vwxglhg glvfuhwh lqwhuyhqwlrqv ru lpsxovh frqwuro/ vhh Kduulvrq/ Vhoonh dqg Wd|oru
+4<;6,1 Gxpdv +4<<4, suhvhqwhg dpsoh ghwdlo rq wkh hfrqrplf lqwhusuhwdwlrq ri glhuhqw w|shv ri frqwuro ri
wkh gulylqj yduldeoh1
6Wlph vxevfulswv duh rplwwhg iru qrwdwlrqdo sxusrvhv1
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Wkh h{fkdqjh udwh vroxwlrq glhuv iurp lwv frxqwhusduw xqghu wkh iuhh  rdw e| wkh suhvhqfh
ri wkh wzr h{srqhqwldo whupv wkdw fdxvh wkh uhqrzqhg ehqglqj ri wkh h{fkdqjh udwh ixqfwlrq1
Wkh idfwruv  dqg 2 duh wkh urrwv ri wkh fkdudfwhulvwlf htxdwlrq lq  wkdw vroyhv wkh
krprjhqhrxv sduw ri wkh glhuhqwldo htxdwlrq=
2
5
2 .  4 @ 3>
dqg wkh| htxdo=
 @
.
s
22 . 52
2
A 3>
2 @

s
22 . 52
2
? 3=
D dqg D2 lq Ht1 +7, duh wkh frqvwdqwv ri lqwhjudwlrq wkdw zloo eh ghwhuplqhg iurp wkh
erxqgdu| frqglwlrqv iru wkh h{fkdqjh udwh1 Wkh h{fkdqjh udwh lv ixqfwlrq ri wkh ixqgdphqwdo
dqg lwv erxqgdu| ehkdylrxu wkhuhiruh fdq eh rewdlqhg iurp wkh erxqgdulhv dssolfdeoh wr wkh
ixqgdphqwdo1 Wkh vr0fdoohg vprrwk sdvwlqj frqglwlrqv uhtxluh wkh h{fkdqjh udwh ixqfwlrq wr
eh  dw dw wkh erxqgdulhv ri wkh ixqgdphqwdo1 Ru/ wkh uvw ghulydwlyh ri v +i, dw wkh olplwv ri
wkh ixqgdphqwdo edqg kdv wr htxdo }hur=
4 . D h{s

i

. 2D2 h{s

2i

@ 3>
+8,
4 . D h{s

i

. 2D2 h{s

2i

@ 3=
Wkh frqglwlrqv lq Ht1 +8, wkhq jxdudqwhh wkdw lqwhuyhqwlrq lq wkh ixqgdphqwdo grhv qrw ohdg
wr glvfrqwlqxlwlhv lq wkh h{fkdqjh udwh sdwk1 Wkh prgho wkxv vdwlvhv wkh diruhphqwlrqhg
qr0h{shfwhg0duelwudjh0surwv frqglwlrq17
Ht1 +8, doorzv wkh frqvwdqwv ri lqwhjudwlrq wr eh ghwhuplqhg dv=
D @
h{s

2i

 h{s

2i



h{s

2i . i

 h{s

2i . i
 >
D2 @
h{s

i

 h{s

i

2

h{s

2i . i

 h{s

2i . i
 =
Soxjjlqj > 2> D dqg D2 lqwr Ht1 +7, wkhq ixoo| vshflhv wkh h{fkdqjh udwh ixqfwlrq jlyhq
wkdw wkh ixqgdphqwdo hyroyhv zlwklq lwv  xfwxdwlrq edqg1 Wkh h{fkdqjh udwhv dw wkh xsshu
7Dv qrwhg hduolhu/ Iorrg dqg Jduehu +4<<4, h{dplqhg glvfuhwh lqwhuyhqwlrqv1 Wkh h{fkdqjh udwh lq wkhlu
vhw0xs zdv suhyhqwhg iurp kdylqj d glvfrqwlqxlw| yld d ydoxh0pdwfklqj frqglwlrq1 Wdnlqj wkh olplw wrzdugv
lqqlwhvlpdo lqwhuyhqwlrq |lhogv wkh deryh vprrwk sdvwlqj frqglwlrqv1
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dqg orzhu wdujhw }rqh olplwv duh=
v @ v

i

@ i . .D h{s

i

.D2 h{s

2i

>
+9,
v @ v

i

@ i . .D h{s

i

.D2 h{s

2i

=
Kdylqj ghulyhg wkh edvlf ixqfwlrqdo uhodwlrqvklsv/ zh surfhhg e| gljuhvvlqj rq wzr prgho
ihdwxuhv wkdw zloo eh xvhixo odwhu1 Vxevhtxhqwo|/ zh suhvhqw dq looxvwudwlrq ri wkh ixqfwlrqdo
irup ri wkh uhodwlrq ehwzhhq h{fkdqjh udwhv dqg ixqgdphqwdov1
Wkh h{fkdqjh udwh lv prqrwrqlfdoo| lqfuhdvlqj lq wkh ixqgdphqwdo1 Wklv surshuw| zloo
eh fuxfldo lq rewdlqlqj wkh frqglwlrqdo ghqvlw| ri wkh h{fkdqjh udwh lq Vhfwlrq 61 Dovr/
dqqrxqflqj d wdujhw }rqh iru wkh ixqgdphqwdo wrjhwkhu zlwk wkh dffrpsdq|lqj lqwhuyhqwlrq
srolf| lv htxlydohqw wr dqqrxqflqj d  xfwxdwlrq edqg iru wkh h{fkdqjh udwh1 Exw/ wkh zd|
lqwhuyhqwlrqv wdnh sodfh/ lqqlwhvlpdoo| ru glvfuhwho|/ zloo fuxfldoo| dhfw wkh h{fkdqjh udwh
ixqfwlrq dv srlqwhg rxw lq Iorrg dqg Jduehu +4<<4, dqg Iurrw dqg Revwihog +4<<4,1
Lw fdq eh vkrzq wkdw
gv +i,
gi
lv qrw rqo| odujhu wkdq ru htxdo wr }hur exw lw lv dovr vpdoohu
wkdq xqlw|1 Khqfh/ pryhphqwv lq wkh ixqgdphqwdo duh wudqvihuuhg wr d orzhu ghjuhh lqwr
wkh h{fkdqjh udwh1 Dv vxfk/ d fuhgleoh wdujhw }rqh lv lqkhuhqwo| vwdelol}lqj1 Qrwh wkdw wklv
vwdelol}dwlrq douhdg| rffxuv sulru wr dfwxdo lqwhuyhqwlrq/ fi1 wkh suhvhqfh ri wkh h{srqhqwldo
whupv lq Ht1 +7,1 Wklv lv wkh vr0fdoohg wdujhw }rqh krqh|prrq hhfw1 Wkh h{srqhqwldo whupv
dovr ohdg wr wkh suhglfwlrq wkdw wkh krqh|prrq hhfw zloo dulvh lq d qrqolqhdu zd|1 Wkhvh
qrqolqhdulwlhv zloo qrz eh judsklfdoo| looxvwudwhg dqg lq Vhfwlrq 7 zloo eh dw wkh fhqwuh ri rxu
hvwlpdwlrq h{huflvh1
Iljxuh 4 looxvwudwhv wkh h{fkdqjh udwh ixqfwlrq jlyhq d ixqgdphqwdo edqg iru zklfk orzhu
dqg xsshu olplwv duh vhw dw 6 dqg 8/ uhvshfwlyho|1 Wkh vhqvlwlylw| sdudphwhu  htxdov 4=581
Lq sdqho +d, wkh lqvwdqwdqhrxv vwdqgdug ghyldwlrq dqg guliw ri wkh ixqgdphqwdo htxdo 3=4
dqg 3=33341 Wkh krul}rqwdo d{lv jlyhv wkh grpdlq ri wkh ixqgdphqwdo dqg wkh fruuhvsrqglqj
h{fkdqjh udwhv duh ghslfwhg dorqj wkh yhuwlfdo d{lv1 Wkh olplwv ri wkh h{fkdqjh udwh edqg duh
jlyhq e| wkh wzr krul}rqwdo olqhv1 Wkh h{fkdqjh udwh xqghu wkh iuhh  rdw lv ghslfwhg e| wkh
+yluwxdoo|, 780olqh1 Qrqolqhdulwlhv lq wkh h{fkdqjh udwh ixqfwlrq duh kdugo| qrwlfhdeoh dv wkh
vpdoo guliw dqg glxvlrq frh!flhqwv pdnh lw xqolnho| wkdw wkh olplwv zloo eh uhdfkhg1
Lqfuhdvlqj wkh yrodwlolw| sdudphwhu wr 3=7 lq sdqho +e, fohduo| surgxfhv vwurqjhu qrqolqhdu0
lwlhv dv wkh olnholkrrg ri lqwhuyhqwlrq lqfuhdvhv1 Wkh odujhu survshfw ri lqwhuyhqwlrq vwhsv xs
wkh vfrsh iru h{fkdqjh udwh vwdelol}dwlrq dqg phdq uhyhuvlrq dv udwlrqdo djhqwv glvfrxqw wkh
hhfw ri h{shfwhg lqwhuyhqwlrq lqwr fxuuhqw sulfh vhwwlqj1 Qrwh wkdw wkh h{fkdqjh udwh edqg
qduurzhg1 Wklv lv lqwxlwlyho| h{sodlqhg e| wkh idfw wkdw/ jlyhq wkh odujhu ghjuhh ri glvshuvlrq/
djhqwv zloo h{ dqwh h{shfw wkh h{fkdqjh udwh wr eh pruh yrodwloh lq wkh ixwxuh1 Exw/ dw wkh
9
vdph wlph wkh vfrsh iru phdq uhyhuvlrq dqg qrqolqhdulwlhv zloo hyhq pruh wkdq rvhw wkh h{
dqwh h{shfwhg lqfuhdvh ri wkh  xfwxdwlrq udqjh1
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Wkh lq xhqfh ri wkh guliw idfwru fdq eh dqdo|}hg e| frpsdulqj sdqhov +d, dqg +f, lq zklfk
 jurzv iurp 3=3334 wr 3=41 Wkh lqfuhdvh kdv dq dv|pphwulf dhfw rq qrqolqhdulwlhv dv wkh
odujhu ydoxh iru  dxjphqwv wkh olnholkrrg ri uhdfklqj wkh xsshu erxqgdu| dqg glplqlvkhv
h{shfwdwlrqv wkdw wkh orzhu edqg olplw zloo eh dwwdlqhg1 Wkh h{fkdqjh udwh edqg vkliwv
voljkwo| xszdugv rq dffrxqw ri wkh suhvhqfh ri  lq Ht1 +9, dqg wkh olplwhg uroh ri  lq wkh
qrqolqhdulw| idfwruv lq wkdw htxdwlrq1
Lq frqfoxvlrq/ wkh vfrsh iru qrqolqhdulwlhv lq wkh ixqfwlrqdo uhodwlrqvkls ehwzhhq h{fkdqjh
udwhv dqg ixqgdphqwdov vwurqjo| ghshqgv rq wkh g|qdplfv ri wkh ixqgdphqwdo1 Pruh lq
sduwlfxodu/ phdq uhyhuvlrq dqg vwdelol}dwlrq ri wkh h{fkdqjh udwh zloo eh idluo| olplwhg iru
vpdoo glxvlrq dqg guliw frh!flhqwv1 Krzhyhu/ wkh h{whqw dqg uhohydqfh ri qrqolqhdulwlhv
fuxfldoo| klqjhv rq wkh srvlwlrq ri wkh h{fkdqjh udwh zlwklq lwv  xfwxdwlrq edqg1
   
  


Vyhqvvrq +4<<4, vwduwhg iurp wkh dvvxpswlrq ri xqfryhuhg lqwhuhvw udwh sdulw| ru devhqfh ri
ulvn suhpld1 Dv dujxhg lq Vyhqvvrq +4<<5, vxfk ulvn suhpld duh yhu| vpdoo dqg qhjoljleoh lq
vx!flhqwo| qduurz wdujhw }rqhv hyhq lq wkh suhvhqfh ri uhdoljqphqw h{shfwdwlrqv1 Lq ylhz ri
wklv uhvxow dqg rxu dvvxpswlrq ri fuhglelolw| zh h{suhvv wkh lqwhuhvw udwh glhuhqwldo/  @ llW/
dv=
 @
H^gv`
gw
= +:,
Soxjjlqj Ht1 +:, lqwr Ht1 +5, dqg h{suhvvlqj wkh lqwhuhvw udwh glhuhqwldo dv d ixqfwlrq ri wkh
ixqgdphqwdo jlyhv=
 +i, @
v +i, i

= +;,
Frpelqlqj Htv1 +7, dqg +;, vshflhv wkh lqwhuhvw udwh glhuhqwldo ixqfwlrq dv=
 +i, @
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Wkh ghulydwlyh ri wkh lqwhuhvw udwh glhuhqwldo wr wkh ixqgdphqwdo lv=
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gi
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Wkxv/ wkh lqwhuhvw udwh glhuhqwldo zloo eh prqrwrqlfdoo| ghfuhdvlqj lq wkh ixqgdphqwdo dv wkh
uvw ghulydwlyh ri wkh h{fkdqjh udwh lv frpsulvhg ehwzhhq }hur dqg xqlw|1
:
Dv wkh ixqgdphqwdo hyroyhv ehwzhhq erxqgdulhv dovr wkh ixqfwlrq  +i, zloo eh uhjxodwhg1 Wkh
erxqgdu| lqwhuhvw udwh glhuhqwldov duh=
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zlwk > 2> D dqg D2 dv ghqhg deryh1
Iljxuh 5 ghslfwv lqwhuhvw udwh glhuhqwldov lq ixqfwlrq ri wkh ixqgdphqwdo1 Zh fkrvh iru
wkh sdudphwhuv dgrswhg hduolhu lq Iljxuh 41 Erwk wkh guliw dqg wkh glxvlrq frh!flhqwv duh dw
orz ohyhov lq sdqho +d,/ qdpho| dw 3=3334 dqg 3=4/ uhvshfwlyho|1 Wkh lqwhuhvw udwh glhuhqwldo
lv qhduo| olqhdu lq wkh ixqgdphqwdo h{fhsw iru wkh ehqglqj qhdu wkh hgjhv ri wkh ixqgdphqwdo
edqg1 Dv orz guliw dqg yrodwlolw| uhgxfh wkh olnholkrrg ri lqwhuyhqwlrq/ wkh lqwhuhvw udwh
glhuhqwldo zloo wkhuhiruh ryhu d eurdg udqjh ri wkh ixqgdphqwdo edqg htxdo lwv frxqwhusduw
xqghu wkh iuhh  rdw1 Wkh lqwhuhvw udwh glhuhqwldo xqghu wkh iuhh  rdw lv jlyhq e|  dqg lv
uhsuhvhqwhg e| wkh krul}rqwdo olqh1 Wkh uhtxluhphqw ri lqwhuyhqwlrq dw wkh edqg olplwv dqg wkh
vprrwk sdvwlqj frqglwlrqv ohdg wr qrqolqhdulwlhv dqg wdqjhqf| wr wkh olplwv ri wkh ixqgdphqwdo
edqg1
Wkh glxvlrq frh!flhqw lv udlvhg wr 3=7 lq sdqho +e,1 Vwurqjhu glvshuvlrq uhqghuv wkh
lqwhuhvw udwh glhuhqwldo kljko| qrqolqhdu1 Zkhq lqwhusuhwlqj wkh ixqgdphqwdo lq whupv ri wkh
prqhwdu| prgho/ iru lqvwdqfh/ wkh dqwlflsdwhg pryhphqw lq wkh prqh| vwrfn zloo kdyh wkh
pruh hhfw rq wkh lqwhuhvw udwh glhuhqwldo wkh odujhu wkh olnholkrrg ri lqwhuyhqwlrq ehfrphv1
Lqfuhdvlqj lqwhuyhqwlrq h{shfwdwlrqv zloo/ wkhuhiruh/ fdxvh wkh lqwhuhvw udwh glhuhqwldo wr
ghyldwh vwurqjo| iurp lwv ydoxh xqghu wkh iuhh  rdw1 Wklv ulvh lq lqwhuyhqwlrq qhhgv dovr h{sodlqv
wkh zlghqlqj ri wkh edqg ri wkh lqwhuhvw udwh glhuhqwldo1 Wkh ghfuhdvh lq wkh  xfwxdwlrq
srwhqwldo iru wkh h{fkdqjh udwh jrhv dw wkh h{shqvh ri lqfuhdvlqj wkh grpdlq ri wkh lqwhuhvw
udwh glhuhqwldo dv fdq eh vhhq iurp frpsdulqj sdqhov +e, lq Iljxuhv 4 dqg 51 Ghfuhdvhg
h{fkdqjh udwh yduldelolw| lq wdujhw }rqhv wkxv wudqvodwhv lq odujhu lqwhuhvw udwh yduldelolw|1
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Odujhu guliw lq wkh ixqgdphqwdo/ l1h1  @ 3=4 lq sdqho +f,/ vwurqjo| lqfuhdvhv qrqolqhdulwlhv lq
wkh xsshu sduw ri wkh edqg dv zhdnhqlqj ri wkh ixqgdphqwdo gulyhv survshfwv ri vxssruwlqj
lqwhuyhqwlrqv xs1 Djdlq/ wkh ulvh lq wkh guliw idfwru pdnhv wkh edqg vkliw xszdugv dv wkh
olnholkrrg ri lqwhuyhqwlrqv lq wkh xsshu sduw ri wkh ixqgdphqwdo edqg dxjphqwv zkhuhdv wkh
dqwlflsdwlrq ri lqwhuyhqwlrq lq wkh orzhu edqg vhjphqw zdqhv1
;
Djdlq/ wkh ghwhfwlrq ri +lpsruwdqw, qrqolqhdulwlhv pd| eh olplwhg wr d qduurz uhjlrq ri wkh
ixqgdphqwdo edqg dqg khdylo| ghshqgv rq wkh g|qdplf vwuxfwxuh ri wkh ixqgdphqwdo1
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Dv qrwhg ehiruh/ wkh h{fkdqjh udwh dqg wkh lqwhuhvw udwh glhuhqwldo duh rqh0wr0rqh wudqvirupv
ri wkh ixqgdphqwdo1 Pruhryhu/ wkh uvw ghulydwlyhv ri wkh lqyhuwhg h{fkdqjh udwh dqg lqwhuhvw
udwh glhuhqwldo ixqfwlrqv wr wkh h{fkdqjh udwh/ uhvshfwlyho| wr wkh lqwhuhvw udwh glhuhqwldo
duh frqwlqxrxv1 Wkhvh prqrwrqh pdsslqj dqg frqwlqxrxvo| glhuhqwldelolw| surshuwlhv doorz
xv wr h{suhvv wkh frqglwlrqdo ghqvlw| ri wkh h{fkdqjh udwh dqg wkh lqwhuhvw udwh glhuhqwldo lq
whupv ri wkh frqglwlrqdo ghqvlw| ri wkh ixqgdphqwdo wkurxjk d vlpsoh fkdqjh ri yduldeohv=8
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zkhuh sr +, > ss +, dqg sB +, ghqrwh wkh frqglwlrqdo ghqvlw| ixqfwlrqv ri wkh h{fkdqjh udwh/ wkh
ixqgdphqwdo dqg wkh lqwhuhvw udwh glhuhqwldo/ uhvshfwlyho|1 Wkh ixwxuh dqg wkh suhvhqw srlqw
ri wlph duh ghqrwhg e| w dqg wf1 Wkh ixqfwlrqv v
3 +v, dqg 3 +, duh wkh lqyhuvh ixqfwlrqv ri
v +i, dqg  +i, = Dv wkh h{fkdqjh udwh +lqwhuhvw udwh glhuhqwldo, lv prqrwrqlfdoo| lqfuhdvlqj
+ghfuhdvlqj, lq wkh ixqgdphqwdo/ wkh ixqfwlrqv v +i, dqg  +i, fdq eh +qxphulfdoo|, lqyhuwhg1
Pruhryhu/ rqh fdq frqglwlrq wkh glvwulexwlrq ri wkh lqwhuhvw udwh glhuhqwldo rq d jlyhq lqwldo
vwdwh ri wklv yduldeoh lwvhoi/ exw dovr rq wkh lqlwldo ixqgdphqwdo ru lqlwldo h{fkdqjh udwh e|
yluwxh ri wkh rqh0wr0rqh uhodwlrqvklsv ehwzhhq wkh wkuhh yduldeohv1
Kdylqj vshflhg wkh fkdqjh ri yduldeohv uhtxluhg/ Vxevhfwlrq 6=4 zloo gljuhvv rq wkh frq0
glwlrqdo ghqvlw| ixqfwlrq ri wkh ixqgdphqwdo1 Vxevhfwlrq 6=5 wkhq judsklfdoo| looxvwudwhv frq0
glwlrqdo ghqvlwlhv iru wkh h{fkdqjh udwh dqg wkh lqwhuhvw udwh glhuhqwldo1
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Yhhvwudhwhq +5333, ghulyhg wkh frqglwlrqdo ghqvlw| ixqfwlrq iru Eurzqldq prwlrq zlwk guliw
lq wkh suhvhqfh ri wzr lqvwdqwdqhrxvo| uh hfwlqj eduulhuv1 Dv wkh ixqgdphqwdo lv dvvxphg wr
8Vhh Wkhruhp 44 lq Prrg/ Jud|eloo dqg Erhv +4<:7,/ s1 5331
<
iroorz wklv w|sh ri vwrfkdvwlf surfhvv/ zh fdq vlpso| uh0h{suhvv klv Ht1 +44, lq rxu qrwdwlrq
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g| dqg ghqrwhv wkh fxpxodwlyh vwdqgdug qrupdo glvwul0
exwlrq ixqfwlrq1
Qrwh wkdw wkh frqglwlrqdo ghqvlw| ixqfwlrq frqvlvwv ri irxu whupv wkdw hdfk frpsulvh lqqlwh
vxpv ri Jdxvvldq ghqvlwlhv dqg h{srqhqwldov1 Yhhvwudhwhq +5333, suhvhqwhg vlpxodwlrqv wkdw
lqglfdwh wkdw wuxqfdwlrq lq wkh lqqlwh vxpv fdq eh shuiruphg dw idluo| orz ohyhov zlwkrxw
hqgdqjhulqj dffxudf|1 Pruh lq sduwlfxodu/ zkhq suhglfwlrq krul}rqv duh vpdoo rqo| rqh whup
vx!fhv19
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Kdylqj rewdlqhg wkh frqglwlrqdo ghqvlw| ri wkh ixqgdphqwdo/ zh qrz looxvwudwh ghqvlwlhv iru
wdujhw }rqh h{fkdqjh udwhv dqg lqwhuhvw udwh glhuhqwldov1 Wkh ghqvlwlhv duh fdofxodwhg e|
soxjjlqj Ht1 +44, lqwr Htv1 +<, dqg +43, dqg glylglqj e| wkh devroxwh ydoxh ri wkh uvw
ghulydwlyh ri wkh lqyhuvh ixqfwlrq1 Wkh jxuhv dvvxph i @ 6> i @ 8 dqg  @ 4=58= Wkh wlph
krul}rq +w wf, lv vhw dw rqh |hdu ru htxdov 41
9Wkh hfrqrphwulf dssolfdwlrq lq Vhfwlrq e dvvxphv yhu| vkruw suhglfwlrq krul}rqv ri rqh zhhn ru E|3 |f '

D2
1 Krzhyhu/ wkh wuxqfdwlrq srlqw zdv vhw dw wkh yhu| vdih ohyho ri f1 Lq rughu wr ixuwkhu lpsuryh xsrq
dffxudf|/ wkh fxpxodwlyh vwdqgdug qrupdo glvwulexwlrq zdv fdofxodwhg xvlqj dojrulwkp DV 99 ghylvhg e| L1 G1
Kloo dqg uhsulqwhg lq Jul!wkv dqg Kloo +4<;9,1 Wklv dojrulwkp hqmr|v kljkhu dffxudf| wkdq wkh zlgho|0xvhg
dojrulwkpv glvfxvvhg lq ]hohq dqg Vhyhur +4<97,1
43
Iljxuh 6 ghslfwv wkh frqglwlrqdo h{fkdqjh udwh ghqvlw| ixqfwlrq iru  @ 3=4> 3=5 dqg 3=6 lq
sdqhov +d,0+f,/ uhvshfwlyho|1 Lq hdfk ri wkh sdqhov wkh lqlwldo h{fkdqjh udwh lv orfdwhg lq wkh
fhqwuh ri wkh edqg dqg  lv vhw dw 3=35= Wkh krul}rqwdo d{lv uhsuhvhqwv wkh h{fkdqjh udwh edqg1
Frqglwlrqdo ghqvlwlhv duh ehoo0vkdshg dqg shdnhg durxqg wkh dfwxdo ohyho ri wkh h{fkdqjh udwh1
Wkh forvhu wkh ixwxuh h{fkdqjh udwh lq sdqho +d, lv orfdwhg zlwk uhvshfw wr lwv olplwv/ wkh orzhu
frqglwlrqdo ghqvlwlhv zloo eh jlyhq wkh uhodwlyho| orz guliw dqg glxvlrq frh!flhqwv dqg wkh
vkruw wlph krul}rq1 Lqfuhdvlqj wkh glxvlrq frh!flhqw dxjphqwv frqglwlrqdo glvshuvlrq dqg
wkh fhqwudo uhjlrq orvhv suredelolw| pdvv lq idyrxu ri wkh pdujlqv1 Pruh yrodwloh ixqgdphqwdov
vtxhh}h wkh h{fkdqjh udwh edqg dv qrwhg hduolhu lq wkh glvfxvvlrq ri Iljxuh 41
Lqvhuw Iljxuhv 6071
Iljxuh 7 sruwud|v frqglwlrqdo ghqvlwlhv iru wkh lqwhuhvw udwh glhuhqwldo lq zklfk  lqfuhdvhv
iurp 3=58> 3=6 wr 3=68 zkhq jrlqj iurp sdqhov +d, wr +f,1 Wkh lqlwldo vwdwh lv orfdwhg lq wkh
plggoh ri wkh edqg iru wkh lqwhuhvw udwh glhuhqwldo dqg  htxdov 3=3341 Wkh orzhu  wkh
pruh fhqwuhg wkh frqglwlrqdo glvwulexwlrq zloo eh dv wkh lqwhuhvw udwh glhuhqwldo ehfrphv ohvv
vhqvlwlyh wr wkh ixqgdphqwdo dv qrwhg lq wkh glvfxvvlrq ri sdqhov +d, dqg +e, lq Iljxuh 51
Lqwxlwlyho|/ orz yrodwlolw| lq wkh ixqgdphqwdo pdnhv lw xqolnho| wkdw edqgv zloo eh uhdfkhg1 Qr
vxevwdqwldo uhdfwlrq lq wkh lqwhuhvw udwh glhuhqwldo lv uhtxluhg dv wkh olnholkrrg ri uhjxodwlrq lq
wkh ixqgdphqwdo lv idluo| olplwhg1 Wkh fhqwuh ri wkh edqg wkhq froohfwv wkh exon ri frqglwlrqdo
olnholkrrg1 Lqfuhdvlqj wkh glxvlrq frh!flhqw/ ri frxuvh/ uhqghuv wkh glvwulexwlrq ohvv shdnhg1
Ilqdoo|/ wkh grpdlq ri wkh lqwhuhvw udwh glhuhqwldo zlghqv zlwk lqfuhdvlqj glvshuvlrq lq wkh
ixqgdphqwdo/ zkhuhdv iru wkh h{fkdqjh udwh wkh uhyhuvh dssolhg1 Wklv djdlq srlqwv wr wkh idfw
wkdw h{fkdqjh udwh vwdelol}dwlrq frphv dw wkh frvw ri lqfuhdvlqj wkh  xfwxdwlrq udqjh ri wkh
lqwhuhvw udwh glhuhqwldo1:
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Wklv vhfwlrq dssolhv pd{lpxp olnholkrrg hvwlpdwlrq wr wkh Nuxjpdq h{fkdqjh udwh wdujhw
}rqh prgho1 Nqrzohgjh ri wkh frqglwlrqdo h{fkdqjh udwh ghqvlw| ixqfwlrq doorzv hvwlpdwlrq
vroho| rq wkh edvlv ri h{fkdqjh udwh gdwd1 Lqihuhqfh xsrq wkh qdwxuh dqg wkh ohyho ri wkh
ixqgdphqwdo/ wkdw lv fuxfldo lq iru lqvwdqfh vwuxfwxudo h{fkdqjh udwh prghov/ lv qrw uhtxluhg1
:Vyhqvvrq +4<<4, h{dplqhg lqvwdqwdqhrxv vwdqgdug ghyldwlrqv ri wkh h{fkdqjh udwh dqg wkh lqwhuhvw udwh
glhuhqwldo1 Kh vkrzhg wkh h{lvwhqfh ri d qhjdwlyh wudgh0r ehwzhhq lqvwdqwdqhrxv yduldelolw| lq wkh h{fkdqjh
udwh dqg wkh lqwhuhvw udwh glhuhqwldo1
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Wkh hpslulfdo vhw0xs suhvhqwv wzr qryho dvshfwv1 Iluvw/ wkh h{dfw frqglwlrqdo ghqvlw| ixqfwlrq
lv xwlol}hg1 Zh wkxv gr qrw uho| rq dssur{lpdwlrqv yld pl{wxuhv ri vlqjoh0eduulhu ghqvlwlhv dv
lq Edoo dqg Urpd +4<<7, dqg gh Mrqj +4<<7,1 Vhfrqg/ zh uhiudlq iurp {lqj xsshu dqg orzhu
edqg olplwv dw r!fldo ohyhov exw hvwlpdwh wkhp dv zhoo1 Wklv h{whqgv suhylrxv hvwlpdwlrq
iudphzrunv e| doorzlqj iru lpsolflw qduurzhu edqgv zlwklq zlghu r!fldo wdujhw }rqhv1 Dovr/
zh doorz wkhvh edqgv wr eh dv|pphwulfdoo| vsdfhg durxqg sdulwlhv1 Wklv lv d srwhqwldoo|
uhzduglqj ihdwxuh dv iru lqvwdqfh wkh Ehojldq iudqf gxulqj wkh |hduv 4<;: wr 4<;<  xfwxdwhg
zlwkrxw pxfk yrodwlolw| lq wkh xsshu sduw ri lwv elodwhudo edqg ylv0ã0ylv wkh Jhupdq pdun1
Wklv prghoolqj fkrlfh dovr doorzv h{dplqdwlrq ri qrqolqhdulwlhv zlwk uhvshfw wr +dv|pphwulf,
lpsolflw edqgv1 Lq grlqj vr/ wkh srwhqwldo gdqjhu ri ryhuorrnlqj qrqolqhdulwlhv wkurxjk zrunlqj
zlwk xqqhfhvvdulo| zlgh }rqhv fdq eh flufxpyhqwhg1 Dv qrwhg hduolhu zkhq glvfxvvlqj Iljxuh
4/ vxfk d vwudwhj| pd| eh ghvludeoh gxh wr wkh idfw wkdw rffxuuhqfh ri qrqolqhdulwlhv vwurqjo|
ghshqgv rq wkh srvlwlrq ri wkh h{fkdqjh udwh zlwklq lwv +wuxh,  xfwxdwlrq edqg1
H{fkdqjh udwhv uhsuhvhqw wkh orj ri Zhgqhvgd| sulfhv iru wkh pdunhw lq Orqgrq1 Zh
fkrrvh iru zhhno| gdwd lq rughu wr fdswxuh rqh ri wkh pdlq iruhfdvwlqj krul}rqv lq wkh iruhljq
h{fkdqjh pdunhw1 Wkh gdwd duh rewdlqhg iurp Gdwdvwuhdp1 Wkh vdpsoh frqvlvwv ri wkh
Ehojldq iudqf/ wkh Gxwfk jxloghu/ wkh Iuhqfk iudqf dqg wkh Lwdoldq olud hdfk txrwhg djdlqvw
wkh Jhupdq pdun dv wkh sulfh ri rqh Jhupdq pdun1 Wkh vdpsoh iru wkh uvw wkuhh fxuuhqflhv
vsdqv wkh shulrg Pdufk 4<<7 xqwlo Iheuxdu| 4<<: +486 revhuydwlrqv,1 Wkh vwduwlqj srlqw lv
vhw lq ixqfwlrq ri wkh suhuhtxlvlwh ri fuhglelolw| dv wkh HUP0wxuprlo ri 4<<6 lq wkh fdvh ri wkh
iudqf fxuuhqflhv rqo| idghg dzd| wrzdugv wkh hqg ri wkdw |hdu1 Wkh hqgsrlqw uh hfwv grxewv
rq wkh dssursuldwhqhvv ri wkh wdujhw }rqh prgho lq ylhz ri wkh survshfw ri HPX1 Gh Judxzh/
Ghzdfkwhu dqg Yhhvwudhwhq +4<<<, dujxhg wkdw wkh vwduw ri HPX rq Mdqxdu| 4 4<<< kdg
wr eh vhhq dv d uhjlph vzlwfk wkdw douhdg| prqwkv hduolhu gudvwlfdoo| fkdqjhg h{fkdqjh udwh
g|qdplfv1 Pruh lq sduwlfxodu/ wkh uroh ri ixqgdphqwdov lq sulflqj zdv uhgxfhg lq idyrxu ri wkh
frqyhuvlrq udwh1 Wkh dssolfdelolw| ri d ixqgdphqwdo0gulyhq prgho wkxv gzlqgohg lq wkh frxuvh
ri 4<<:04<<;1 R!fldo edqg olplwv iru wkh wzr iudqf fxuuhqflhv zhuh 	48(> zkhuhdv Gxwfk
prqhwdu| dxwkrulwlhv h{solflwo| rswhg iru wkh iruphu 	5=58( }rqh1 Gdwd iru wkh Lwdoldq olud
vsdq wkh shulrg ehwzhhq Iheuxdu| 4<;: dqg Ghfhpehu 4<;< +485 revhuydwlrqv,1 Wklv shulrg
iroorzhg wkh ghydoxdwlrq ri wkh olud rq Mdqxdu| 45 4<;: dqg zdv fkdudfwhul}hg e| d vkdus
uhgxfwlrq lq uhdoljqphqw h{shfwdwlrqv dv qrwhg lq iru lqvwdqfh Vyhqvvrq +4<<6, dqg Urvh dqg
Vyhqvvrq +4<<7,1 Wkh vdpsoh hqghg lq Ghfhpehu 4<;< lq ylhz ri h{foxglqj wkh +whfkqlfdo,
ghydoxdwlrq wkdw dffrpsdqlhg qduurzlqj ri wkh  xfwxdwlrq edqg iurp 	9( wr 	5=58( rq
Mdqxdu| ; 4<<31
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Pd{lpl}dwlrq ri wkh olnholkrrg ixqfwlrq uhtxluhv nqrzohgjh ri wkh mrlqw ghqvlw| ri revhuyhg
h{fkdqjh udwhv1; Wkh vwurqj Pdunry surshuw| ri uh hfwhg Eurzqldq prwlrq doorzv frpsohwh
frqglwlrqlqj ri wkh frqglwlrqdo ghqvlw| ri wkh ixqgdphqwdo xsrq lwv dfwxdo vwdwh1 Wkxv/ wkh
klvwru| ri wkh ixqgdphqwdo lv qrw uhohydqw lq pdnlqj suhglfwlrqv1 Reylrxvo|/ wkh Pdunry surs0
huw| fduulhv ryhu wr wkh h{fkdqjh udwh jlyhq wkh rqh0wr0rqh uhodwlrqvkls ehwzhhq ixqgdphqwdov
dqg h{fkdqjh udwhv1 Wkh mrlqw glvwulexwlrq ri v> S +v, > wkhq fdq eh zulwwhq dv=
S +v, @
A3\
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Wkh orjolnholkrrg ixqfwlrq iru wkh revhuyhg h{fkdqjh udwh vhulhv v lv ghqhg lq whupv ri wkh
sdudphwhu yhfwru  @
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Wkh sdudphwhuv lq wkh pd{lpl}dwlrq surfhvv frqvlvw ri wkh irxu sdudphwhuv wkdw ixoo| vshfli|
wkh vwrfkdvwlf surfhvv ri wkh ixqgdphqwdo/ qdpho| wkh lqvwdqwdqhrxv guliw dqg vwdqgdug gh0
yldwlrq/  dqg / dqg wkh xsshu dqg orzhu edqg olplwv/ i dqg i 1 Wkh iwk sdudphwhu lv wkh
vhqvlwlylw| ri wkh h{fkdqjh udwh wr lwv rzq h{shfwhg fkdqjh/ 1
Hduolhu uhvhdufk vkrzhg wkdw dssolfdwlrq ri pd{lpxp olnholkrrg lq wkh frqwh{w ri wdujhw
}rqh prghov lv vhyhuho| kdpshuhg e| wkh suhvhqfh ri pxowlfroolqhdulw| ehwzhhq  dqg 1< Dv
looxvwudwhg lq Iljxuh 4 lq Edoo dqg Urpd +4<<7,/ wkh olnholkrrg vxuidfh lv yhu|  dw lq wkh
sdudphwhu sdlu +>,1 Zh dovr hqfrxqwhuhg wklv sureohp dqg wkhuhiruh hvwlpdwhg wkh prgho
iru dq duud| ri glhuhqw vwduwlqj ydoxhv iru wkh sdudphwhu 1 Wkh vhfrqg hhfw ri wkh  dwqhvv ri
wkh olnholkrrg vxuidfh uhodwhv wr wkh fdofxodwlrq ri vwdqgdug huuruv1 Rewdlqlqj vwdqgdug huuruv
iru doo yh frh!flhqwv lv qrw vhqvleoh dv wkh fxuydwxuh ri wkh vxuidfh lv lqvx!flhqw dv qrwhg lq
Edoo dqg Urpd +4<<7, dqg gh Mrqj +4<<7,1 Zh wkhuhiruh fdofxodwh dv|pswrwlf vwdqgdug huuruv
iru irxu sdudphwhuv dqg nhhs  dw lwv hvwlpdwhg ydoxh1 Prgho vshflfdwlrq zloo eh irupdoo|
whvwhg e| shuiruplqj wzr Olnholkrrg Udwlr +OU, whvwv1
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Wdeoh 4 suhvhqwv hvwlpdwlrq uhvxowv1 Wkh vhqvlwlylw| sdudphwhu  jryhuqv wkh suhvhqfh ri
qrqolqhdulwlhv dv lw ghwhuplqhv wkh h{whqw lq zklfk h{shfwdwlrqv +ri wdujhw }rqh lqwhuyhqwlrqv,
;Qrwh wkdw wkh ghshqghqw yduldeoh lq Edoo dqg Urpd +4<<7, dqg gh Mrqj +4<<7, zdv wkh +orj ri wkh, srvlwlrq
ri wkh h{fkdqjh udwh zlwk uhvshfw wr wkh fhqwudo sdulw|1 Wklv fkrlfh uh hfwhg wkhlu dwwhqwlrq wr r!fldo v|pphwulf
edqgv1
<Wklv sureohp/ krzhyhu/ dovr durvh zlwklq wkh Phwkrg ri Vlpxodwhg Prphqwv dv lqglfdwhg e| Olqgehuj dqg
Vùghuolqg +4<<7d/e,1
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dhfw fxuuhqw h{fkdqjh udwh sulflqj/ vhh Ht1 +5,1 Odujh ydoxhv iru  lpso| wkdw edqgv sod| d
vljqlfdqw uroh lq sulflqj dqg wkxv fdxvh qrqolqhdulwlhv dqg wkh wdujhw }rqh krqh|prrq hhfw1
Wkh sdudphwhu  lv hvwlpdwhg dw 5=46 lq wkh fdvh ri wkh Ehojldq iudqf zklfk vhhpv wr srlqw
wr wkh suhvhqfh ri +vwurqj, qrqolqhdulwlhv1 Wklv krogv hyhq vwurqjhu iru wkh Iuhqfk fxuuhqf|
iru zklfk wkh srlqw hvwlpdwh dprxqwhg wr 7=671
Wkh Gxwfk jxloghu suhvhqwv d glhuhqw slfwxuh1 Wkh srlqw hvwlpdwh iru  lv forvh wr }hur
+3=34, zklfk dw uvw vljkw zrxog lqgxfh xv wr frqfoxgh wkdw qrqolqhdulwlhv iru wkh Gxwfk
fxuuhqf| duh devhqw1 Wkh sdudphwhu  lv hvwlpdwhg dw 3=64 lq wkh fdvh ri wkh Lwdoldq olud1 Wkh
olud wkxv wdnhv dq lqwhuphgldwh srvlwlrq ehwzhhq wkh iudqf fxuuhqflhv dqg wkh jxloghu1 Zkhwkhu
ru qrw  lv vljqlfdqwo| glhuhqw iurp }hur dqg htxlydohqwo| zkhwkhu ru qrw qrqolqhdulwlhv duh
suhvhqw zloo eh glvfxvvhg ehorz yld dq OU0whvw1
Lqvhuw Wdeoh 41
Wkh wklug dqg irxuwk froxpqv jlyh wkh hvwlpdwhg orzhu dqg xsshu olplwv ri wkh ixqgdphqwdo
edqg143 Wkhvh hvwlpdwhv wrjhwkhu zlwk wkh hvwlpdwhv iru >  dqg  doorz xv wr fdofxodwh wkh
fruuhvsrqglqj +lpsolflw, h{fkdqjh udwh edqg olplwv1 Wklv lv looxvwudwhg lq Wdeoh 51
Wkh uvw dqg vhfrqg froxpqv lq Wdeoh 5 uhsuhvhqw wkh lpsolhg orzhu dqg xsshu h{fkdqjh
udwh edqg olplwv1 Wkh wklug dqg irxuwk froxpqv suhvhqw wkh edqg zlgwk lq uhodwlrq wr wkh
suhydlolqj fhqwudo sdulw|1
Lqvhuw Wdeoh 51
Wkh xsshu dqg orzhu edqg zlgwkv/ lq devroxwh ydoxh/ duh fohduo| glhulqj iurp hdfk rwkhu dqg
glhu vwurqjo| iurp r!fldo ohyhov iru wkh iudqf fxuuhqflhv1 Wkhvh fxuuhqflhv zhuh wkxv vxemhfw
wr xqghfoduhg qduurzhu edqgv wkdw zhuh dv|pphwulf lq qdwxuh144 Hvwlpdwhg zlgwkv iru wkh
jxloghu duh h{wuhpho| forvh wr wkh r!fldo olplwv ri 	5=58(1 Uhvxowv iru wkh Lwdoldq olud vxjjhvw
wkh h{lvwhqfh ri d qduurzhu dqg dv|pphwulf edqg zlwklq wkh r!fldo 	9(0edqg1
Zh qrz wxuq wr wzr prgho vshflfdwlrq whvwv1 Wkh uvw OU0whvw vkhgv pruh oljkw rq
wkh lvvxh zkhwkhu  vljqlfdqwo| glhuv iurp }hur/ l1h1 zh irupdoo| whvw iru wkh suhvhqfh ri
qrqolqhdulwlhv lq wkh irxu h{fkdqjh udwh vhulhv1 Frqvwudlqlqj  wr }hur fdxvhv v wr htxdo i dv
fdq eh vhhq iurp Ht1 +5,1 Lq rwkhu zrugv/ wkh vwrfkdvwlf surfhvv ri wkh ixqgdphqwdo fduulhv
ryhu wr wkh h{fkdqjh udwh1 Wkh h{fkdqjh udwh lq wkh frqvwudlqhg prgho wkxv iroorzv uhjxodwhg
43Wkh idfw wkdw k lv forvh wr }hur lq wkh fdvh ri wkh Gxwfk fxuuhqf| uhiudlqhg wkh lqirupdwlrq pdwul{ iurp
ehlqj srvlwlyh ghqlwh1 Wkh qhdu0}hur ydoxh ri k lpsolhv wkdw wkh lq xhqfh ri h{shfwdwlrqv dqg wkxv ri edqg
olplwv lv yluwxdoo| devhqw zklfk fuhdwhv kxjh vwdqgdug huuruv iru wkh hvwlpdwhg edqg olplwv1 Iru wkh jxloghu/
zh wkhuhiruh fkrvh wr { kc s dqg s lq rughu wr eh deoh wr fdofxodwh vwdqgdug huuruv iru wkh uhpdlqlqj wzr
frh!flhqwv1
44Wkh vhfrqg OU0whvw h{dplqhv zkhwkhu lpsolhg edqg olplwv vljqlfdqwo| glhu iurp r!fldo olplwv1
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Eurzqldq prwlrq zkhuh/ dv ehiruh/ zh lqfoxgh wkh erxqgdulhv lq wkh sdudphwhu vhw1 Wklv
eulqjv xv wr wkh glvwulexwlrq ri wkh whvw vwdwlvwlf1 Wkh uhvwulfwlrq rq  lv qrq0vwdqgdug dv 
lv uhvwulfwhg wr wkh srvlwlyh kdoi0olqh dqg wkh uhvwulfwlrq olhv rq wkh erxqgdu| ri lwv grpdlq1
Fkhuqr +4<87, vkrzhg wkdw wkh uhvxowlqj OU0vwdwlvwlf lv glvwulexwhg
4
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"21 Zh iroorz
gh Mrqj +4<<7, dqg dssur{lpdwh wklv glvwulexwlrq dv "21 Wkh whvw lv wkhuhiruh frqvhuydwlyh1
Wkh uvw dqg vhfrqg froxpqv lq Wdeoh 6 jlyh wkh whvw vwdwlvwlf dqg wkh s0ydoxh1 Wkh qxoo
ri devhqfh ri qrqolqhdulwlhv fdq vdiho| eh uhmhfwhg iru wkh wzr iudqf fxuuhqflhv lq olqh zlwk wkh
frqfoxvlrqv uhsruwhg lq gh Mrqj +4<<7, dqg Edoo dqg Urpd +4<<7,1
Lq wkh fdvh ri wkh jxloghu/ wkh qxoo k|srwkhvlv ri  @ 3 ru devhqfh ri qrqolqhdulwlhv lv dovr
wr eh uhmhfwhg1 Wkxv/ qrwzlwkvwdqglqj wkh idfw wkdw wkh srlqw hvwlpdwh ri  lv h{wuhpho| vpdoo/
lwv vl}h dsshduv wr eh vx!flhqw wr jhqhudwh qrqolqhdulwlhv1 Wklv qglqj iru wkh jxloghu lv lq
fohdu frqwudglfwlrq wr wkh uhvxowv uhsruwhg lq Edoo dqg Urpd +4<<7, dqg gh Mrqj +4<<7, zkr
zhuh xqdeoh wr uhmhfw wkh qxoo k|srwkhvlv ri qr qrqolqhdulwlhv1 Wkh glhuhqfh lq frqfoxvlrq lv
olnho| wr eh gxh wr wkh qdwxuh ri wkh frqglwlrqdo ghqvlw| ixqfwlrq xwlol}hg lq hvwlpdwlrq1 Wklv
sdshu lpsohphqwhg wkh h{dfw frqglwlrqdo ghqvlw| ixqfwlrq iru wzr0vlghg uh hfwlrq zkhuhdv
Edoo dqg Urpd +4<<7, dqg gh Mrqj +4<<7, kdg wr uho| rq dssur{lpdwlrqv edvhg rq ghqvlwlhv
iru rqh0vlghg uh hfwlrq1
Uhvxowv iru wkh Lwdoldq olud uhyhdo wkdw dovr wklv fxuuhqf| lv fkdudfwhul}hg e| wkh suhvhqfh
ri qrqolqhdulwlhv1 Wklv lv lq fohdu frqwudvw wr gh Mrqj +4<<7, zkr frqfoxghg wkdw wkh qxoo
frxog qrw eh uhmhfwhg1 Kh h{sodlqhg klv qglqj e| dujxlqj wkdw wkh olud glg qrw xvh wkh hqwluh
	9(  xfwxdwlrq udqjh1 Uhphpehu wkdw klv hpslulfdo prgho zdv exlow xs durxqg r!fldo
erxqgdulhv dqg dv vxfk pd| kdyh eldvhg uhvxowv wrzdugv qrw ehlqj deoh wr uhmhfw wkh qxoo
k|srwkhvlv1 Lqghhg/ h{dplqdwlrq ri qrqolqhdulwlhv zlwk uhvshfw wr edqgv wkdw duh wrr zlgh
pd| ryhuorrn wkhlu suhvhqfh dv qrqolqhdulwlhv duh hvvhqwldoo| olplwhg wr wkh uhjlrqv qhdu wkh
wuxh olplwv1 Rxu iudphzrun wkxv lqglfdwhv wkdw qrqolqhdulwlhv duh fohduo| suhvhqw zkhq wkh|
duh jdxjhg zlwk uhvshfw wr lpsolflw qduurzhu }rqhv1
Lqvhuw Wdeoh 61
Lq vxp/ qrqolqhdulwlhv duh ghwhfwhg iru wkh irxu fxuuhqflhv xqghu lqyhvwljdwlrq1 Hyhq wkh
jxloghu pdun h{fkdqjh udwh dsshduv wr eh fkdudfwhul}hg e| vpdoo exw vljqlfdqw qrqolqhdulwlhv1
Wklv qglqjv srlqwv wr wkh uhohydqfh ri xvlqj wkh h{dfw frqglwlrqdo ghqvlw| ixqfwlrq1 Lq
dgglwlrq/ doorzlqj iru lpsolflw }rqhv pd| eh vhhq dv d vhfrqg vdihjxdug djdlqvw ryhuorrnlqj
qrqolqhdulwlhv dv h{hpsolhg e| wkh olud1
Wkh vhfrqg vshflfdwlrq whvw/ OU0whvw 5 lq Wdeoh 6/ lqtxluhv lqwr wkh txhvwlrq zkhwkhu
hvwlpdwhg lpsolflw edqgv vljqlfdqwo| glhu iurp r!fldoo| dqqrxqfhg edqgv1 Zh wkxv iru0
pdoo| whvw iru wkh suhvhqfh ri lpsolflw }rqhv1 Wkh uhvwulfwhg prgho {hv edqg olplwv iru wkh
48
ixqgdphqwdo dw ohyhov wkdw fruuhvsrqg wr dqqrxqfhg h{fkdqjh udwh edqg olplwv jlyhq wkh srlqw
hvwlpdwhv iru wkh wulsoh +>> , dv uhsruwhg lq Wdeoh 41 Wkh edqg olplwv duh wkhq rewdlqhg
e| vroylqj wkh v|vwhp ri qrqolqhdu htxdwlrqv lq Ht1 +9,1 Zh kdyh wzr vwdqgdug uhvwulfwlrqv
dqg wkh whvw vwdwlvwlf lv wkxv glvwulexwhg dv "221
Uhvxowv duh jlyhq lq wkh wklug dqg irxuwk froxpqv1 Wkh qxoo k|srwkhvlv ri qr lpsolflw
}rqhv fdq vdiho| eh uhmhfwhg iru wkh wzr iudqf fxuuhqflhv1 Ru/ wkh| hyroyh ehwzhhq qduurzhu
lpsolflw edqgv1 Wklv lv kdugo| vxusulvlqj dv wkhvh wzr fxuuhqflhv e| qr phdqv xvhg xs wkh
r!fldo 	48( edqg1
Wkh h{lvwhqfh ri d qduurzhu }rqh lv wr eh uhmhfwhg iru wkh jxloghu1 Wklv uhvxow lv dw uvw vljkw
vxusulvlqj dv prvw dffrxqwv srlqw wr wkh suhvhqfh ri vxfk d qduurzhu }rqh iru wkh Gxwfk jxloghu1
Rxu frxqwhulqwxlwlyh qglqj lv olqnhg wr wkh zd| Gxwfk prqhwdu| dxwkrulwlhv pdlqwdlqhg
wkh lpsolflw }rqh1 Wkh jxloghu zdv nhsw lq d qduurzhu }rqh e| phdqv ri phdq0uhyhuwlqj
lqwhuyhqwlrqv1 Lq rwkhu zrugv/ wkh qduurzhu }rqh zdv rshudwhg yld lqwudpdujlqdo lqwhuyhqwlrqv
dqg qrw e| pdujlqdo lqwhuyhqwlrqv dv dvvxphg lq wkh Nuxjpdq prgho1 Iru wklv frxqwu|/ wkh
Nuxjpdq prgho lv ri olplwhg dssolfdelolw| dqg vkrxog eh uhsodfhg e| d uh hfwhg Ruqvwhlq0
Xkohqehfn vwuxfwxuh wkdw fdq frsh zlwk +vwurqj, phdq0uhyhuwlqj ixqgdphqwdov1 Fdydolhuh
+4<<;, xvhg d glhuhqw vwudwhj| lq h{dplqlqj wkh suhvhqfh ri lpsolflw wdujhw }rqhv dv klv whvw
vwdwlvwlf zdv qrw hpehgghg zlwklq d vshflf wdujhw }rqh prgho1 Pruh suhflvho|/ lw zdv exlow
xsrq wkh dxwrfruuhodwlrq ixqfwlrq ri wkh h{fkdqjh udwh wkdw zdv dvvxphg wr iroorz uh hfwhg
Eurzqldq prwlrq1 Fdydolhuh +4<<;, irxqg vwurqj hylghqfh iru d qduurzhu xqghfoduhg }rqh lq
olqh zlwk dffrxqwv iru wkh jxloghu1
Iru wkh Lwdoldq fxuuhqf| zh fdq dovr vdiho| frqfoxgh wkdw wkh hvwlpdwhg lpsolflw h{fkdqjh
udwh }rqh glhuhg iurp wkh r!fldo rqh1 Wkxv/ Lwdoldq prqhwdu| dxwkrulwlhv glg dsso| d qdu0
urzhu xqghfoduhg }rqh dv vxjjhvwhg e| gh Mrqj +4<<7,/ vhh ehiruh1 Krzhyhu/ wklv frqwudglfwv
wkh qglqj uhsruwhg e| Fdydolhuh +4<<;, zkr h{dplqhg wkh olud ryhu wkh vdph vdpsoh shulrg
exw idlohg wr ghwhfw dq xqghfoduhg wdujhw }rqh1 Uhvsrqvleoh iru wklv glhuhqfh lq frqfoxvlrq lv
wkh idfw wkdw/ zlwklq rxu phwkrgrorj|/ qrqolqhdulwlhv dqg +lpsolflw, edqg olplwv fdq fr0h{lvw1
Wkh whvw vwdwlvwlf ri Fdydolhuh +4<<;, fdq qrw dffrxqw iru qrqolqhdulwlhv dv lw lv exlow durxqg
d vwrfkdvwlf iudphzrun wkdw lv hvvhqwldoo| olqhdu/ fi1 wkh devhqfh ri wdujhw }rqh hohphqwv vxfk
dv wkh vprrwk sdvwlqj frqglwlrqv1
Wkh vhfrqg OU0whvw doorzv xv wr dffhsw wkh suhvhqfh ri qduurzhu xqghfoduhg edqgv iru wkh
Ehojldq/ Iuhqfk dqg Lwdoldq fxuuhqflhv1 Wkh whvw uhixwhg wkh suhvhqfh ri dq lpsolflw }rqh iru
wkh jxloghu zklfk srlqwv wr wkh olplwhg dssolfdelolw| ri wkh Nuxjpdq prgho iru wkdw fxuuhqf|
dv wkh jxloghu zdv fohduo| nhsw zlwklq qduurzhu edqgv1
Iljxuh 8 ylvxdol}hv hvwlpdwlrq uhvxowv iru wkh irxu fxuuhqflhv1 Wkh krul}rqwdo d{lv lq hdfk
ri wkh sdqhov vshflhv wkh hvwlpdwhg  xfwxdwlrq udqjh iru wkh orj ixqgdphqwdo dqg wkh orj
49
h{fkdqjh udwh lv ghslfwhg dorqj wkh yhuwlfdo d{lv1 Wkh h{fkdqjh udwh edqg olplwv duh jlyhq e|
wkh krul}rqwdo olqhv wkdw ghvljqdwh +lq ghvfhqglqj, rughu wkh r!fldo xsshu olplw/ wkh lpsolhg
xsshu olplw/ wkh lpsolhg orzhu olplw dqg wkh r!fldo orzhu olplw1 Wkh lpphqvh glvwdqfh ehwzhhq
r!fldo dqg lpsolflw olplwv lq wkh fdvh ri wkh Ehojldq iudqf zrxog kdyh frpsohwho| eoxuuhg wkh
slfwxuh iru wkdw fxuuhqf|1 Dv d uhvxow/ zh rqo| ghslfw wkh hvwlpdwhg qduurzhu edqgv1 Wkh
vrolg olqh ehwzhhq wkh wzr lpsolflw erxqgdulhv sruwud|v wkh uhodwlrqvkls ehwzhhq ixqgdphqwdov
dqg h{fkdqjh udwhv fdofxodwhg rq wkh edvlv ri wkh hvwlpdwlrq uhvxowv suhvhqwhg lq Wdeoh 41
Vxshulpsrvhg rq wklv uhodwlrqvkls lv wkh vfdwwhu sorw ri revhuyhg h{fkdqjh udwhv dqg wkhlu
fruuhvsrqglqj ydoxhv iru wkh ixqgdphqwdo1
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Wkh hvwlpdwhg uhodwlrqvkls ehwzhhq ixqgdphqwdov dqg h{fkdqjh udwhv iru wkh Ehojldq iudqf
lq sdqho +d, lv fohduo| qrqolqhdu dqg hylghqfhv wkh suhglfwhg V0vkdsh1 Wkh grwv duh khdylo|
frqfhqwudwhg lq wkh orzhu sduw ri wkh hvwlpdwhg edqg1 Dv qrqolqhdulwlhv w|slfdoo| rffxu forvh
wr edqg olplwv/ wkh qglqj ri d vxevwdqwldo ydoxh iru  wkhq vkrxog frph dv qr vxusulvh1 Lq
rwkhu zrugv/ qrqolqhdulwlhv dsshdu wr eh d fohdu fkdudfwhulvwlf ri wkh h{fkdqjh udwh sdwk iru
wkh Ehojldq fxuuhqf|1 Wkh vdph frqfoxvlrq krogv iru wkh Iuhqfk iudqf lq sdqho +e,1
Sdqho +f, suhvhqwv wkh slfwxuh iru wkh Gxwfk jxloghu1 Iurp wkh deryh srlqw hvwlpdwh
zh nqrz wkdw qrqolqhdulwlhv lq wkh h{fkdqjh udwh duh vpdoo exw vljqlfdqw1 Wkh qhdu0}hur
ydoxh iru  wkxv lpsolhv wkdw wkh uhodwlrqvkls ehwzhhq h{fkdqjh udwhv dqg ixqgdphqwdov lv
yluwxdoo| olqhdu1 Wkh jxuh dovr vkrzv wkh vxusulvlqj uhvxow wkdw wkh lpsolhg h{fkdqjh udwh
edqg yluwxdoo| frlqflghv zlwk wkh r!fldo edqg +lq idfw wkh olqhv iru wkh xsshu +orzhu, olplwv
ri wkh lpsolflw dqg r!fldo edqgv ryhuods,1
Ilqdoo|/ wkh Lwdoldq olud lq sdqho +g, dovr uhyhdov qrqolqhdulwlhv zkhq shuiruplqj hvwlpdwlrq
zlwk uhvshfw wr srwhqwldoo| qduurzhu edqgv1
$ G46	

Wklv sdshu uvw h{dplqhv wkh frqglwlrqdo h{fkdqjh udwh dqg lqwhuhvw udwh glhuhqwldo glvwule0
xwlrqv zlwklq d fuhgleoh wdujhw }rqh duudqjhphqw1 Wkh vwduwlqj srlqw lv wkh fdqrqlfdo wdujhw
}rqh prgho ri Nuxjpdq +4<<4, lq zklfk wkh ixqgdphqwdo zdv dvvxphg wr iroorz d frqwlqxrxv0
wlph udqgrp zdon ehwzhhq wzr uh hfwlqj eduulhuv1 Zh ghvfuleh wkh ixqfwlrqdo uhodwlrqvkls
ehwzhhq wkh frqwuro yduldeoh/ l1h1 wkh ixqgdphqwdo/ dqg wkh h{fkdqjh udwh dqg wkh lqwhuhvw
udwh glhuhqwldo1
4:
Iluvw/ zh dssolhg d fkdqjh ri yduldeoh wkdw doorzv wr h{suhvv wkh frqglwlrqdo ghqvlw| ri
wdujhw }rqh h{fkdqjh udwhv dqg lqwhuhvw udwh glhuhqwldov lq whupv ri wkh frqglwlrqdo ghqvlw|
ri wkh ixqgdphqwdo iru zklfk zh xvhg wkh h{dfw h{suhvvlrq ghulyhg lq Yhhvwudhwhq +5333,1
Frqglwlrqdo ghqvlwlhv duh vkrzq wr eh ehoo0vkdshg dqg shdnhg durxqg wkh suhvhqw ydoxh ri
wkh lqwhuhvw udwh glhuhqwldo ru wkh h{fkdqjh udwh/ doehlw wkdw glvwulexwlrqv iru lqwhuhvw udwh
glhuhqwldov duh jhqhudoo| pruh frqfhqwudwhg1
Wkh vhfrqg pdlq irfxv ri wklv sdshu zdv gluhfwhg wrzdugv pd{lpxp olnholkrrg hvwlpdwlrq1
Wkh hpslulfdo iudphzrun h{whqghg h{lvwlqj olwhudwxuh lq wzr zd|v1 Iluvw/ wkh h{dfw frqglwlrqdo
ghqvlw| ixqfwlrq zdv xvhg lq frqwudvw wr Edoo dqg Urpd +4<<7, dqg gh Mrqj +4<<7, zkr
dssur{lpdwhg wkh ghqvlw|1 Vhfrqg/ wkh hvwlpdwlrq vhw0xs doorzhg iru xqghfoduhg qduurzhu
ru lpsolflw edqgv zlwklq r!fldoo| dqqrxqfhg edqgv1 Wkhvh lpsolflw edqgv/ pruhryhu/ frxog
eh dv|pphwulfdoo| vsdfhg durxqg sdulwlhv1 Wkhvh h{whqvlrqv duh zruwkzkloh iru wzr uhdvrqv1
Iluvw/ lpsolflw }rqhv kdyh dozd|v ehhq lqwhjudo sduw ri wdujhw }rqh duudqjhphqwv vxfk dv wkh
HUP1 Wkh vhfrqg dqg pdlq uhdvrq lv uhodwhg wr wkh vhdufk iru qrqolqhdulwlhv lq h{fkdqjh udwhv1
Hvwlpdwlqj zlwk uhvshfw wr r!fldo edqg olplwv zkhq dfwxdoo| qduurzhu }rqhv duh sxuvxhg pd|
ryhuorrn qrqolqhdulwlhv dv wkh erxqgdulhv lq hvwlpdwlrq duh xqqhfhvvdulo| zlgh1 Wkh lqwxlwlrq
lv vlpsoh1 Qrqolqhdulwlhv w|slfdoo| dulvh qhdu wkh  xfwxdwlrq olplwv/ vr wkhlu suhvhqfh pd|
ehfrph looxvru| zkhq lqdghtxdwh olplwv duh lpsohphqwhg lq hvwlpdwlrq1 Pruhryhu/ xvlqj wkh
h{dfw frqglwlrqdo ghqvlw| pd| ryhufrph wkh srwhqwldo eldv lpsolhg e| xvlqj dssur{lpdwh
ghqvlwlhv1
Wkh hpslulfdo dssolfdwlrq lv sxuvxhg iru irxu HUP0fxuuhqflhv/ lq fdvx wkh Gxwfk jxloghu/
wkh Ehojldq iudqf/ wkh Iuhqfk iudqf dqg wkh Lwdoldq olud/ gxulqj vdpsoh shulrgv iru zklfk fuhg0
lelolw| frxog vdiho| eh dvvxphg1 Lq olqh zlwk h{lvwlqj uhvhdufk/ wkh suhvhqfh ri qrqolqhdulwlhv
lv dffhswhg iru wkh wzr iudqf fxuuhqflhv1 Lq frqwudvw wr Edoo dqg Urpd +4<<7, dqg gh Mrqj
+4<<7,/ vpdoo exw vljqlfdqw qrqolqhdulwlhv duh dovr ghwhfwhg iru wkh Gxwfk jxloghu1 Hvwlpdwlrq
zlwk uhvshfw wr qduurzhu }rqhv xvlqj wkh h{dfw ghqvlw| irupxodwlrq dsshduv wr xqfryhu qrqolq0
hdulwlhv wkdw zhuh ryhuorrnhg lq wkh sdvw1 Frqwudu| wr gh Mrqj +4<<7, qrqolqhdulwlhv duh dovr
ghwhfwhg iru wkh Lwdoldq olud1 Iru wkuhh ri wkh irxu fxuuhqflhv/ wkh h{lvwhqfh ri lpsolflw qduurzhu
wdujhw }rqhv fdq vdiho| eh dffhswhg zklfk lq wkh fdvh ri wkh Lwdoldq fxuuhqf| frqwudglfwv wkh
qglqj ri Fdydolhuh +4<<;,1 Krzhyhu/ lpsolflw }rqhv duh qrw irxqg iru wkh Gxwfk fxuuhqf| lq
vkdus frqwudvw wr lqwxlwlrq dqg wkh uhvxowv uhsruwhg lq Fdydolhuh +4<<;,1 Wklv lv olnho| wr eh
gxh wr wkh idfw wkdw rxu iudphzrun lv exlow xsrq wkh wdujhw }rqh prgho ri Nuxjpdq +4<<4,
wkdw rqo| doorzv iru pdujlqdo lqwhuyhqwlrqv1 Dv Gxwfk prqhwdu| dxwkrulwlhv khdylo| hqjdjhg
lq lqwudpdujlqdo lqwhuyhqwlrqv/ d uh hfwhg Ruqvwhlq0Xkohqehfn vhw0xs zrxog kdyh ehhq pruh
dssursuldwh iru wklv fxuuhqf|1
Wkh Nuxjpdq prgho lv edvhg rq wkh vwurqj dvvxpswlrq ri frxsolqj shuihfw fuhglelolw| zlwk
4;
wkh vroh xvh ri pdujlqdo lqwhuyhqwlrqv1 Wkh dssurdfk ri wklv sdshu/ krzhyhu/ fdq eh h{whqghg
wr wkh vr0fdoohg vhfrqg jhqhudwlrq wdujhw }rqh prghov wkdw lqwurgxfh +vwrfkdvwlf, ghydoxdwlrq
ulvn dqg lqwudpdujlqdo lqwhuyhqwlrqv1 Edoo dqg Urpd +4<<7, dovr suhvhqw hvwlpdwlrqv xqghu wkh
dvvxpswlrq ri wkh ixqgdphqwdo iroorzlqj d uh hfwhg Ruqvwhlq0Xkohqehfn surfhvv/ l1h1 doorzhg
iru lqwudpdujlqdo lqwhuyhqwlrqv1 Wkh prgho dqg hvwlpdwlrq iudphzrun fdq dovr eh h{whqghg
wrzdugv wkh lqfoxvlrq ri lpshuihfw fuhglelolw|/ l1h1 ri lqwurgxflqj ghydoxdwlrq h{shfwdwlrqv1
Ydulrxv urxwhv iru ixwxuh uhvhdufk duh rshq wr wklv hqg1 Rqh fdq rsw iru elyduldwh surfhvvhv
dv iru lqvwdqfh sxuvxhg lq Edoo dqg Urpd +4<<6, zkr vxshulpsrvh d Srlvvrq vwdwh0ghshqghqw
mxps xsrq d glxvlrq surfhvv1 Ehuwrod dqg Vyhqvvrq +4<<6, lqwurgxfhg wkh qrwlrq ri d
frpsrvlwh ixqgdphqwdo lq zklfk vwrfkdvwlf ghydoxdwlrq ulvn lv lqfoxghg dqg dvvxphg wklv
frpsrvlwh ixqgdphqwdo wr iroorz uh hfwhg Eurzqldq prwlrq1 Olqgehuj dqg Vùghuolqg +4<<7e,
vshflhg wkh vwrfkdvwlf surfhvv iru wkh frpsrvlwh ixqgdphqwdo dv dq Ruqvwhlq0Xkohqehfn
surfhvv dqg dv vxfk frpelqhg phdq0uhyhuwlqj ixqgdphqwdov zlwk lpshuihfw fuhglelolw|1 Wkh
dssurdfk ri wklv sdshu fdq dovr eh vhhq dv d uvw vwhs wrzdugv prghoolqj ri +fuhgleoh, fudzolqj
edqg duudqjhphqwv1 Lqwurgxfwlrq ri prylqj/ wlph0ghshqghqw/ edqgv frxog eh sxuvxhg e|
lpsrvlqj olqhdu uhwdlqlqj ru vwudljkw olqh eduulhuv/ vhh Sdun dqg Vfkxxupdqq +4<;3,/ Jhuehu/
Jrrydhuwv dqg Gh Sulo +4<;4,/ Sdun dqg Ehhnpdq +4<;6, dqg Whxqhq dqg Jrrydhuwv +4<<7,1
4<
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^4` Edoo/ F1 D1 dqg D1 Urpd +4<<6, D mxps glxvlrq prgho iru wkh Hxurshdq Prqhwdu|
V|vwhp/ Mrxuqdo ri Lqwhuqdwlrqdo Prqh| dqg Ilqdqfh/ 45/ 7:807<51
^5` Edoo/ F1 D1 dqg D1 Urpd +4<<7, Wdujhw }rqh prghoolqj dqg hvwlpdwlrq iru Hxurshdq
Prqhwdu| V|vwhp h{fkdqjh udwhv/ Mrxuqdo ri Hpslulfdo Ilqdqfh/ 4/ 6;807531
^6` Ehndhuw/ J1 dqg V1 I1 Jud| +4<<;, Wdujhw }rqhv dqg h{fkdqjh udwhv= Dq hpslulfdo lqyhv0
wljdwlrq/ Mrxuqdo ri Lqwhuqdwlrqdo Hfrqrplfv/ 78/ 40681
^7` Ehuwrod/ J1 dqg O1 H1 R1 Vyhqvvrq +4<<6, Vwrfkdvwlf ghydoxdwlrq ulvn dqg wkh hpslulfdo
w ri wdujhw0}rqh prghov/ Uhylhz ri Hfrqrplf Vwxglhv/ 93/ 9;<0:451
^8` Fdydolhuh/ J1 +4<<;, Ghwhfwlqj xqghfoduhg wdujhw }rqhv zlwklq wkh Hxurshdq Prqhwdu|
V|vwhp/ Vwdwlvwlfd/ OYLLL/ 76607881
^9` Fkhuqr/ K1 +4<87, Rq wkh glvwulexwlrq ri wkh olnholkrrg udwlr/ Dqqdov ri Pdwkhpdwlfdo
Vwdwlvwlfv/ 58/ 8:608:;1
^:` Gh Judxzh/ S1/ K1 Ghzdfkwhu dqg G1 Yhhvwudhwhq +4<<<, Sulfh g|qdplfv xqghu vwrfkdvwlf
surfhvv vzlwfklqj= vrph h{whqvlrqv dqg dq dssolfdwlrq wr HPX/ Mrxuqdo ri Lqwhuqdwlrqdo
Prqh| dqg Ilqdqfh/ 4;/ 4<805571
^;` Ghojdgr/ I1 dqg E1 Gxpdv +4<<5, Wdujhw }rqhv= Eurdg dqg qduurz/ lq= Nuxjpdq/ S1 U1
dqg P1 Ploohu +hgv1, H{fkdqjh udwh wdujhwv dqg fxuuhqf| edqgv/ Fdpeulgjh Xqlyhuvlw|
Suhvv/ Fdpeulgjh/ 680891
^<` Gxpdv/ E1 +4<<4, Vxshu frqwdfw dqg uhodwhg rswlpdolw| frqglwlrqv/ Mrxuqdo ri Hfrqrplf
G|qdplfv dqg Frqwuro/ 48/ 9:809;81
^43` Iorrg/ U1 S1 dqg S1 P1 Jduehu +4<<4, Wkh olqndjh ehwzhhq vshfxodwlyh dwwdfn dqg wdujhw
}rqh prghov ri h{fkdqjh udwhv/ Txduwhuo| Mrxuqdo ri Hfrqrplfv/ 439/ 469:046:51
^44` Iurrw/ N1 D1 dqg P1 Revwihog +4<<4, H{fkdqjh0udwh g|qdplfv xqghu vwrfkdvwlf uhjlph
vkliwv1 D xqlhg dssurdfk/ Mrxuqdo ri Lqwhuqdwlrqdo Hfrqrplfv/ 64/ 536055<1
^45` Jhuehu/ K1 X1/ P1 Jrrydhuwv dqg Q1 Gh Sulo +4<;4, Wkh Zlhqhu surfhvv zlwk guliw eh0
wzhhq d olqhdu uhwdlqlqj dqg dq devruelqj eduulhu/ Mrxuqdo ri Frpsxwdwlrqdo dqg Dssolhg
Pdwkhpdwlfv/ :/ 59:059<1
^46` Jul!wkv/ S1 dqg L1 G1 Kloo +4<;9, Dssolhg Vwdwlvwlfv dojrulwkpv/ Hoolv Kruzrrg Olplwhg/
Fklfkhvwhu/ 63: s1
^47` Kduulvrq/ M1 P1/ W1 P1 Vhoonh dqg D1 M1 Wd|oru +4<;6, Lpsxovh frqwuro ri Eurzqldq prwlrq/
Pdwkhpdwlfv ri Rshudwlrqv Uhvhdufk/ ;/ 78707991
^48` Kduulvrq/ M1 P1 dqg P1 L1 Wdnvdu +4<;6, Lqvwdqwdqhrxv frqwuro ri Eurzqldq prwlrq/
Pdwkhpdwlfv ri Rshudwlrqv Uhvhdufk/ ;/ 76<07861
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^49` Mrqj/ gh I1 +4<<7, D xqlyduldwh dqdo|vlv ri HPV h{fkdqjh udwhv xvlqj d wdujhw }rqh
prgho/ Mrxuqdo ri Dssolhg Hfrqrphwulfv/ </ 640781
^4:` Nuxjpdq/ S1 U1 +4<:<, D prgho ri edodqfh0ri0sd|phqwv fulvhv/ Mrxuqdo ri Prqh|/ Fuhglw
dqg Edqnlqj/ 44/ 64406581
^4;` Nuxjpdq/ S1 U1 +4<<4, Wdujhw }rqhv dqg h{fkdqjh udwh g|qdplfv/ Txduwhuo| Mrxuqdo ri
Hfrqrplfv/ 439/ 99<09;51
^4<` Olqgehuj/ K1 dqg S1 Vùghuolqg +4<<7d, Whvwlqj wkh edvlf wdujhw }rqh prgho rq Vzhglvk
gdwd 4<;504<<3/ Hxurshdq Hfrqrplf Uhylhz/ 6;/ 47740479<1
^53` Olqgehuj/ K1 dqg S1 Vùghuolqg +4<<7e, Lqwhuyhqwlrq srolf| dqg phdq uhyhuvlrq lq h{0
fkdqjh udwh wdujhw }rqhv= Wkh Vzhglvk fdvh/ Vfdqglqdyldq Mrxuqdo ri Hfrqrplfv/ <9/
7<<08461
^54` Prrg/ D1 P1/ I1 D1 Jud|eloo dqg G1 F1 Erhv +4<:7, Lqwurgxfwlrq wr wkh wkhru| ri vwdwlvwlfv/
PdfJudz0Kloo/ Qhz \run/ 6ug hglwlrq/ 897 s1
^55` Sdun/ F1 dqg M1 D1 Ehhnpdq +4<;6, Vwrfkdvwlf eduulhuv iru wkh Zlhqhu surfhvv/ Mrxuqdo
ri Dssolhg Suredelolw|/ 53/ 66;067;1
^56` Sdun/ F1 dqg I1 M1 Vfkxxupdqq +4<;3, Hydoxdwlrqv ri devruswlrq suredelolwlhv iru wkh
Zlhqhu surfhvv rq odujh lqwhuydov/ Mrxuqdo ri Dssolhg Suredelolw|/ 4:/ 69606:51
^57` Urvh/ D1 N1 dqg O1 H1 R1 Vyhqvvrq +4<<7, Hxurshdq h{fkdqjh udwh fuhglelolw| ehiruh wkh
idoo/ Hxurshdq Hfrqrplf Uhylhz/ 6;/ 44;8045491
^58` Vyhqvvrq/ O1 H1 R1 +4<<4, Wdujhw }rqhv dqg lqwhuhvw udwh yduldelolw|/ Mrxuqdo ri Lqwhuqd0
wlrqdo Hfrqrplfv/ 64/ 5:0871
^59` Vyhqvvrq/ O1 H1 R1 +4<<5, Wkh iruhljq h{fkdqjh ulvn suhplxp lq d wdujhw }rqh prgho
zlwk ghydoxdwlrq ulvn/ Mrxuqdo ri Lqwhuqdwlrqdo Hfrqrplfv/ 66/ 540731
^5:` Vyhqvvrq/ O1 H1 R1 +4<<6, Dvvhvvlqj wdujhw }rqh fuhglelolw|1 Phdq uhyhuvlrq dqg ghydox0
dwlrq h{shfwdwlrqv lq wkh HUP/ 4<:<04<<5/ Hxurshdq Hfrqrplf Uhylhz/ 6:/ :960;351
^5;` Whxqhq/ P1 dqg P1 Jrrydhuwv +4<<7, Grxeoh erxqgdu| furvvlqj uhvxow iru wkh Eurzqldq
prwlrq/ Vfdqglqdyldq Dfwxduldo Mrxuqdo/ 5/ 46<04831
^5<` Yhhvwudhwhq/ G1 +5333, Suredelolw| ghqvlwlhv iru Eurzqldq prwlrq zlwk guliw ehwzhhq wzr
uh hfwlqj erxqgdulhv/ Qryhpehu/ 56 s1/ plphr1
^63` ]hohq/ P1 dqg Q1 F1 Vhyhur +4<97, Suredelolw| ixqfwlrqv/ lq= Deudprzlw}/ P1 dqg L1
D1 Vwhjxq +hgv1, Kdqgerrn ri pdwkhpdwlfdo ixqfwlrqv/ Gryhu Sxeolfdwlrqv/ Qhz \run/
<580<<81
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Wdeoh 4= Pd{lpxp olnholkrrg hvwlpdwlrq ylv0ã0ylv wkh Jhupdq pdun1
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Figure 1: The relationship between the exchange rate and the fundamental in a target zone and
   under the free float
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Figure 2: The relationship between the interest rate differential and the fundamental in a target
   zone and under the free float
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Figure 3: Conditional density of the exchange rate for three diffusion coefficients.
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Figure 4: Conditional density of the interest rate differential for three diffusion coefficients.
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Figure 5: Relationship between fundamentals and exchange rates for the Belgian franc (panel a), the French franc (panel b), the Dutch guilder (panel c) and
   the Italian lira (panel d).
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